Abstract: The treatment of benzene solutions of the cations [Re(NO) 2 (PR 3 ) 2 ][BAr F 4 ] (R = Cy and R = i Pr; [BAr F 4 ] = tetrakis{3,5-bis(trifluoromethyl)phenyl}borate) with phenyldiazomethane afforded the moderately stable cationic rhenium(I) benzylidene dinitrosyl bis(trialkyl) phosphine complexes as [BAr F 4 ] -salts in good yields. The cationic rhenium dinitrosyl bisphosphine complexes catalyze the ring-opening metathesis polymerization (ROMP) of highly strained nonfunctionalized cyclic olefins to give polymers with relatively high polydispersity indices, high molecular weights, and Z configurations of the double bonds in the polymer chain backbones of over 80 %. The benzylidene derivatives are almost inactive in ROMP catalysis with norbornene and in olefin metathesis. NMR experiments gave first hints for the initial formation of carbene complexes when [Re(NO) 2 (PR 3 ) 2 ][BAr F 4 ] was treated with norbornene. The carbene formation is initiated by an unique reaction sequence where the cleavage of the strained olefinic bond starts with phosphine migration forming a cyclic ylid carbene complex. The [2+2] addition of a norbornene molecule to the Re=C bond leads to the rhenacyclobutane complex, which is expected to be converted into an iminate complex by attack of the ylid function onto one of the N NO atoms followed by Wittig-type phosphine oxide elimination. The formation of phosphine oxide was confirmed by NMR spectroscopy. This species is thought to drive the ROMP metathesis with alternating rhenacyclobutane formations and cycloreversions. The proposed mechanism is supported by density functional theory (DFT) calculations.
INTRODUCTION
The transition-metal-catalyzed olefin metathesis allows the transformation of olefins into new ones with exchange of the olefinic carbene units (Scheme 1) [1] [2] [3] [4] . This reaction was discovered in the late 1950s by Herbert S. Eleuterio, at DuPont's petrochemicals department, in Delaware, USA, on investigations with propene over heterogeneous molybdenum catalysts and initiated widespread studies of this field in industry as well as in academic institutions [5] . Hence, shortly thereafter a number of very active homogeneous catalysts have been discovered and described [6] [7] [8] [9] . The large majority of these catalysts contained molybdenum or tungsten centers in high oxidation states. Low-valent nitrosyl derivatives of molybdenum have also been successfully used [9] . phenomenological activity than the original Grubbs complexes, even approaching the activities of the very active molybdenum catalysts, [Mo(=CHR)(OR) 2 (NAr)] [29] developed by Schrock. Ruthenium carbene complexes with chelating bis(phosphane) ligands, and hence cis stereochemistry, also act as catalysts for olefin metathesis, particularly in their cationic forms [30] . Recently, Piers et al. published a fast initiating 14-electron ruthenium-based catalyst closely related to the Grubbs systems [31] .
The mechanistic understanding of the olefin metathesis was an affair of a long discussion in the chemical community of homogeneous catalysis and organometallic chemistry. The now generally accepted mechanism for the olefin metathesis reaction was proposed by Chauvin [32] and consists of a sequence of formal [2+2] cycloadditions and cycloreversions involving alkenes, metal carbenes, and metallacyclobutane intermediates. The initial reaction step is the olefin coordination to the transitionmetal carbene complex to form a π-complex. The following migratory insertion of the olefin ligand into the metal-carbene bond leads to a metallacyclobutane complex. The cleavage of two different bonds in the metallacyclobutane, forming another π-complex, is followed by a dissociation to give the products (see Scheme 1) .
All individual steps of the catalytic cycle are reversible, and therefore it is important to shift the equilibrium in one direction in order to make metathesis productive in preparative terms. Although the general mechanistic features are accepted, the detailed pathway of the metathesis reactions depends on the chosen catalyst. Therefore, the mechanistic details of the olefin metathesis reaction catalyzed by ruthenium carbene complexes have been the subject of intense experimental studies to explore the parameters with the strongest influence for the activity of the particular catalysts [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] . These studies included systematic kinetic measurements in solution [26] [27] [28] [29] [30] [31] [32] [33] as well as electrospray ionization tandem mass spectrometry (ESI-MS/MS) [38] [39] [40] [41] in the gas phase and characterizations of model complexes for catalytic intermediates by X-ray diffraction studies [30c, 42, 43] . These investigations have resolved a number of mechanistic questions, and it turns out that the ligands of the Grubbs-type complexes have significant impact on initiation rates and on catalyst activities in reactions of different substrates in solution [37] . Although there is quite a number of efficient catalysts known, screening is still highly desirable with regard to the type of metal center involved [41, 44, 45] .
Although heterogeneous systems are commercially used in a much larger scale than the homogeneous competitors, only little improvement has been achieved in their synthesis and performance compared with the homogeneous systems. The most important reason for these little improvements of the heterogeneous systems is the low content of active sites (typically less than 2 %), [46] coupled with their diversity. This makes it very difficult to characterize the catalytic active centers and hence to obtain structure-activity relationships [47] . Hence, their initiation mechanisms as well as the structures of the catalytic active centers are still unknown. Remarkably, in contrast to the most important homogeneous catalysts based on molybdenum and ruthenium metals, defined soluble rhenium complexes with high oxidation state(s), as it is anticipated as the active centers in the heterogeneous rhenium-based catalysts, have rarely been found to show high activity, as already mentioned above. A few catalysts are known with rhenium in high oxidation state [48] , while systems with rhenium in low oxidation state were not studied yet, with the exception of dinuclear rhenium carbonyl complexes activated with cocatalysts [49, 50] . Therefore, our interest was focused on the development of novel rhenium-based olefin metathesis catalysts wishing to combine with this metal center the high activity of the homogeneous molybdenum catalysts and the excellent property of the ruthenium systems to be tolerant to most of the common functional groups. Our explorations on well-defined [Re(NO) 2 (phosphine) 2 ] + cations [51] for use in metathesis catalysis were first of all triggered by the mentioned lack of investigations on homogeneous rhenium-based systems in low oxidation states. Furthermore, the high activity of the isoelectronic dinitrosyl molybdenum and tungsten complexes [9, 52] , for which, however, the actual catalytically active species is not yet reliably established, also supported our approach. The benzylidene complexes 2a and 2b were tested in ROMP catalysis with norbornene, but catalytic activity could not be observed. However, when 0.1-0.2 mol % of 1a and 1b were added to norbornene, dicyclopentadiene (DCPD) or cyclooctene-containing chlorobenzene solutions at room temperature, the formation of polymers was observed with high molecular weight (up to 2.191 × 10 6 M n ) and a high Z content (>80 %) of the olefin groups in the polymer chain backbone. Turnover frequencies of up to 700 were calculated (see Table 1 ). Since catalytic metathesis activity was observed for 1a and 1b, instantaneous formation of a carbene complex apparently took place upon treatment with the cyclic olefins, similar to the recently described reaction of a non-carbene ligand-containing ruthenium(II) complex with norbornene [54]. For heterogeneous Re 2 O 7 /Al 2 O 3 systems and some rhenium complexes in high oxidation state, there is a similar situation. The initial carbene has been proposed to be formed from the olefin by the reaction with traces of oxygen, by C-H activation or α-H transfer [55] including an alternative mechanism, which has been proposed recently [48b] . The observed relatively high polydispersity indices of the formed polymers (up to 3.626) pointed to either a very slow initiation mechanism followed by fast propagation steps or a non-single-site mechanism of the ROMP catalysis or of both. Thus, 1a and 1b are suitable catalysts only for ROMP of strained and non-heterofunctionalized cyclic olefins. Various acyclic olefins (e.g., 1-hexene, ethyl vinyl ether) did not undergo olefin metathesis in the presence of these complexes.
ROMP catalysis of [Re(NO) 2 (PR 3 ) 2 ] + cations

Initiation and propagation of the ROMP reaction of 1a and 1b with norbornene
In order to achieve deeper mechanistic insight into the catalytic ROMP reactions, an exploratory 1 H NMR study was first carried out, adding norbornene to chlorobenzene solutions of 1a. Several very weak H carbene resonances appeared (14.62, 13.84, and 12.18 ppm) in a chemical shift range typical for transition-metal carbene complexes. A peculiar and novel initiation mechanism of the catalytic reaction, which can not be accessed with acyclic olefins, is therefore anticipated. In addition, functionalized cyclic olefins like bicyclo[2.2.1]-5-heptene-2,3-dicarboxylate or 5-norbornene-2-carbonitrile were also not observed to undergo ROMP presumably due to their too tight coordination at vacant sites. This indeed stresses the presence of vacant sites during catalysis, in particular in the initiation pathway. Furthermore, in agreement with this observation, the addition of an equimolar amount of free phosphine or acetonitrile to chlorobenzene solutions of norbornene and 1 resulted in a dramatic decrease of their catalytic activity.
According to Scheme 3, 1a and 1b were expected to generate a carbene complex from norbornene via 3a,b. In a next step, phosphine migration should take place to yield the phosphonio complexes 4a,b. This species could undergo cleavage of the resulting phosphonio norbonyl C-C bond, producing in a step-wise fashion the carbene ylid complexes 5a,b first or could directly be transformed to the ylid intermediates 6a,b.
The C ylid complexes 6a,b could react further with norbornene to the rhenacyclobutanes of type 7a,b. Subsequent nucleophilic attack of the ylid function on a NO ligand would lead to 8a,b. Elimination of phosphine oxide yields the intermediates 9a,b the crucial species to feed the ROMP propagation cycle, thus closing up the initiation part of the ROMP pathway. The described sequence of reaction steps is supported by the observation that thermal treatment of chlorobenzene solutions of 2a,b result in phosphine migration onto their coordinated carbene ligands affording the quite stable ylid complexes [Re{CH(C 6 H 5 )(PR 3 )}(NO) 2 (PR 3 )][BAr F 4 ] (13a,b) structurally related to 6a,b (see Fig. 1 ). Complexes 13a,b were fully characterized by various NMR techniques and an X-ray diffraction study of 13a [53] .
For the propagation cycle, principally three parallel olefin metathesis routes were envisaged to drive the ROMP metathesis cycle. They are denoted as the "ylid", the "C-nitroso", and the "iminate" routes (see Scheme 3). Depending on the thermodynamics following 7a,b → 8a,b → 9a,b, these pathways could appear as parallel routes which would be in agreement with the observation of the high polydispersity index of the polymers. Starting from these species, alternating rhenacyclobutane and carbene formations would lead to increasing ring sizes of the rhenacycles and polymerization. Species 6a,b and 7a,b of the initiation part are related to the "ylid" route, but via attack of the ylid function on the NO group and elimination of i Pr 3 P=O or Cy 3 P=O, the "C-nitroso" and the "iminate" routes could subsequently be entered. In norbornene ROMP experiments, the phosphine oxide formation was confirmed by NMR spectroscopy using concentrated chlorobenzene solutions of 1a,b. Since the ROMP mechanisms of complexes 1a and 1b could not be fully established on an experimental base, supporting density functional theory (DFT) computational studies were carried out with structural optimization of potential model intermediates of the ROMP catalysis with norbornene. The complete DFT analysis has been published recently [53] . The DFT calculations were carried out using PMe 3 ligands, and the relative energies are referenced to the total energy of the norbornene complex 3-Me with an orientation of the olefin perpendicular to the Re-P axis. The rotamer with a parallel orientation is 4.2 kcal/mol higher in energy. A phosphine migration in 3-Me yielding in the phosphonio norbonyl complex 4-Me was calculated to be 12.3 kcal/mol higher in energy than 3-Me. The optimized structure of 4-Me shows considerable lengthening of the activated olefinic C-C norb bond expanding from 1.408 Å in 3-Me to 1.570 Å, thus preparing for C-C bond rupture. The cleavage of the olefinic C-C norb bond in 4-Me results in an ylid carbene complex (5-Me) with a pending ylid function, which successively would coordinate to generate 6-Me. However, a transition state might form, avoiding loss of rhenium contact of the migrating C norbornene atom, yielding 6-Me directly. The optimized structure of 6-Me has a computed energy of +31.5 kcal/mol relative to 3-Me. Nucleophilic attack of the ylid ligand of 6-Me onto one of the nitrosyl groups to reach a four-coordinated C-nitroso species is energetically uphill by additional 9.3 kcal/mol. In real catalytic systems, this route seems unfavorable, since the competing norbornene addition of 6-Me to give 7-Me is, in contrast to the nucleophilic attack onto the NO ligand, slightly exothermic (-5.2 kcal/mol). The opening of the rhenacyclobutane yields in 10-Me, which is endothermic by 5.9 kcal/mol. Subsequent dissociation of the PMe 3 ligand would increase the energy for the corresponding structure by additional +15.5 kcal/mol and thus cannot easily be achieved in real catalytic cycles at room temperature.
Depending on the activation barrier of the step 7-Me → 10-Me, the "ylid" route (see 7-Me → 10-Me → 16-Me → 17-Me in Scheme 4) might be followed in real catalytic pathways for a few such steps. However, the high thermodynamic levels of these species are expected to undergo intramolecular NO ligand attack yielding in "C-nitroso" species related to 8-Me and 11-Me. The activation barrier of these steps is not known and leaves open at which step the NO attack occurs along the initial "ylid" route. However, the DFT analysis allows us to conclude that this merge to form a C-nitroso complex could not occur with 6a,b. The formed ylid rhenacycle is too highly strained in the rhenacycle and therefore thermodynamically inaccessible. The "C-nitroso" route 8-Me → 11-Me → 18-Me → 19-Me (Scheme 4) is also not realized in the real catalytic cycles, since the competing formation of the iminate complexes 9-Me, 12-Me, 14-Me, and 15-Me are clearly favored by 32.4, 40.6, 38.3, and 48.9 kcal/mol, respectively, over the corresponding "C-nitroso" species. The huge exothermic reactions are caused by Me 3 P=O formation. This makes the "iminate" route a thermodynamic sink, and most probable to be accessed in real catalytic cycles. The relatively large thermodynamic gain of approximately -21 kcal/mol in the "iminate" route presumably fully expresses the release of ring strain from the norbornene unit without "compensation" by strain contributions of the iminate ring. In conclusion, the thermodynamic evaluations suggest that ROMP of norbornene occurs mainly along the "iminate" route.
CONCLUSION
Catalytic ROMP activity of the cationic low-valent rhenium dinitrosyl bisphosphine complexes was observed. This reactivity was unexpected, since none of their ligands can be envisaged to be converted into a carbene unit. It could be shown that the formation of a carbene ligand is accomplished in situ from the initially formed rhenium complexes with highly strained, nonfunctionalized cyclic olefins, like norbornene. The carbene formation as the initiation step does not take place using functionalized cyclic olefins like bicyclo[2.2.1]-5-heptene-2,3-dicarboxylate or 5-norbornene-2-carbonitrile. The presented mechanism is supported by experimental and theoretical studies involving the cleavage of the strained olefinic bond by phosphine migration, forming ylid carbene complexes. The formed ylid function attacks a nitrosyl ligand, which leads in a Wittig-type reaction to elimination of phosphine oxide as a key step providing a thermodynamic driving force for the initial reaction course. The initial "ylid route" thus merges into the "iminate route" along which carbene species are assumed to be provided to drive the ROMP propagation and the total polymerization process by alternating rhenacyclobutane formations and cycloreversions according to Scheme 1.
